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Introduction {#sec1}
============

Cell-free DNA (*cf.*DNA) is a rich source of information that can be applied to the diagnosis and prognostication of many physiological and pathological conditions such as pregnancy and cancer.[@bib1], [@bib2], [@bib3] Though circulating *cf.*DNA is now commonly used as a noninvasive biomarker and is known to circulate in the form of short fragments, the physiological factors governing the fragmentation and molecular profile of *cf.*DNA remain elusive.

Recent works have suggested that the fragmentation of *cf.*DNA is a non-random process associated with the positioning of nucleosomes.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8] Previously, we have demonstrated that the DNASE1L3 nuclease contributes to the size profile of *cf.*DNA in plasma.[@bib9] In this study, we aimed to investigate the respective roles of DNASE1, DNASE1L3, and DNA fragmentation factor subunit beta (DFFB, also known as caspase-activated DNase) in *cf.*DNA fragmentation. We compared the *cf.*DNA profiles between mice deficient in each type of nuclease and their wild-type (WT) counterparts. We found that each nuclease served a different but complementary role in *cf.*DNA fragmentation.

Material and Methods {#sec2}
====================

Murine Models {#sec2.1}
-------------

Analysis of *cf.*DNA from *Dnase1l3*^*−/−*^ mice in module 2 was done using public data downloaded from the European Genome-phenome Archive ([Figure 1](#fig1){ref-type="fig"}) (EGA; EGA accession number EGAS00001003174).[@bib9] Mice carrying a targeted allele of *Dnase1* (*Dnase1*^tm1.1(KOMP)Vlcg^) and mice carrying a targeted allele of *Dffb* (*Dffb*^C57BL/6N-Dffbem1Wtsi^), both on B6 background, were obtained from the Knockout Mouse Project Repository of the University of California at Davis. The mice were maintained in the Laboratory Animal Center of The Chinese University of Hong Kong (CUHK). All experimental procedures were approved by the Animal Experimentation Ethics committee of CUHK and performed in compliance with the *Guide for the Care and Use of Laboratory Animals* (8^th^ edition, 2011) established by the National Institutes of Health. Male and female mice aged 13--17 weeks were used for experiments. An analysis of the influence of sex and gender on the results was not done because their blood samples were pooled together.Figure 1Overview of the Study MethodsThe data presented in this paper is divided into three modules, and each module uses *cf.*DNA data obtained from different nuclease-deficient mice (light gray mice) and their wild-type (WT) counterparts (dark gray mice). In module 1, blood from WT mice was subject to either 0 h or 6 h room temperature (RT) incubation in EDTA to yield typical or newly released *cf.*DNA, respectively. The same process was applied to blood from *Dffb*-deficient mice. In module 2, *cf.*DNA data from WT and *Dnase1l3-*deficient mice was analyzed. And lastly, in module 3, blood from WT and *Dnase1*-deficient mice underwent RT incubation in heparin for 0 h (not shown) and 6 h. The plasma *cf.*DNA from each condition was sequenced, and fragments were defined based on their size and the nucleotide at their 5′ end. We compared the percentages of each fragment type among the different genotypes in various genomic regions and fragment sizes in order to obtain insights into the effects of different nucleases on *cf.*DNA fragmentation.

Murine Sample Collection {#sec2.2}
------------------------

Mice were killed and exsanguinated using cardiac puncture. Blood from each mouse was pooled and immediately distributed evenly into experimental conditions: EDTA with 0 h incubation and EDTA with 6 h incubation, or heparin with 0 h incubation and heparin with 6 h incubation ([Figure 1](#fig1){ref-type="fig"}). For the *Dffb*^*−/−*^ experiments in module 1, a WT set and a *Dffb*^*−/−*^ set, each with five pools of blood, were created, with each pool containing blood from 2--4 mice ([Figure 1](#fig1){ref-type="fig"}). The WT set and *Dffb*^*−/−*^ set contained blood from 14 WT and 14 *Dffb*^*−/−*^ mice, respectively. For the *Dnase1*^*−/−*^ experiments in module 3, one pool was created for each genotype, from a total of 12 WT, 12 *Dnase1*^*+/*−^, and 11 *Dnase1*^*−/−*^ mice in each pool ([Figure 1](#fig1){ref-type="fig"}). The EDTA tubes were commercially sourced 1.3 mL K3E micro tubes (Sarstedt). Heparin tubes were 2 mL microcentrifuge tubes with 18 IU heparin (Sigma-Aldrich) per mL blood added. Incubation was done at room temperature (RT, 15--20°C) on a rocker.

After the RT incubation time was completed, the blood samples were separated through the use of a double centrifugation protocol (1,600 × *g* for 10 min at 4°C, then recentrifugation of the plasma at 16,000 × *g* for 10 min at 4°C).[@bib10] The resulting plasma was collected, yielding 0.4--1.5 mL of plasma for each condition and time point.

Plasma DNA Extraction and Library Preparation {#sec2.3}
---------------------------------------------

Plasma DNA was extracted using the QIAamp Circulating Nucleic Acid Kit (QIAGEN) according to the manufacturer's protocol. Indexed plasma DNA libraries were constructed using a TruSeq DNA Nano Library Prep Kit according to the manufacturer's instructions. The adaptor-ligated DNA was enriched with eight cycles of PCR and analyzed on an Agilent 4200 TapeStation (Agilent Technologies) using the High Sensitivity D1000 ScreenTape System (Agilent Technologies) for quality control and gel-based size determination. Libraries were quantified using the Qubit dsDNA high sensitivity assay kit (Thermo Fisher Scientific) before sequencing.

DNA Sequencing and Alignment {#sec2.4}
----------------------------

Multiplexed DNA libraries were sequenced for 2 × 75 bp paired-end reads on the NextSeq 500 platform (Illumina). Sequences were assigned to their corresponding samples based on their six-base index sequence. Using the Short Oligonucleotide Alignment Program 2 (SOAP2), the paired-end reads from mouse plasma were aligned to the reference mouse genome (NCBI build 37/UCSC mm9; non-repeat-masked).[@bib11] Up to two nucleotide mismatches were allowed. Only paired-end reads aligned to the same chromosome in the correct orientation and spanning an insert size of \<600 bp were retained for downstream analysis. The \<600 bp cutoff was used because it is the practical readout limit of the Illumina sequencing platform. Furthermore, previous work using plasma DNA sequenced using the Pacific Bioscience Single Molecule, Real-Time (SMRT) system indicated that fragments in the 600 to 2,000 bp range accounted for less than 4.8% of the *cf.*DNA population.[@bib9] Paired-end reads sharing the same start and end genomic coordinates were deemed PCR duplicates and were discarded from downstream analysis. [Table S1](#mmc1){ref-type="supplementary-material"} summarizes the number of non-duplicate fragments obtained for each condition. The genome coordinates of the aligned ends were used to deduce the size of the whole fragment of the sequenced *cf.*DNA. The deletions of the *Dnase1* and *Dffb* genes were observed after alignment in the *Dnase1*^*−/−*^ and *Dffb*^*−/−*^ mice data, respectively ([Figure S1](#mmc1){ref-type="supplementary-material"}).

Base-end Analysis and Fragment Type Analysis {#sec2.5}
--------------------------------------------

CCCTC-binding factor (CTCF) sites, RNA polymerase II (Pol II) binding sites, transcriptional start sites (TSS), and random genomic regions were analyzed. CTCF sites are known to be flanked by nucleosomes that have largely invariant positions in the eukaryotic genome.[@bib12] These well-positioned nucleosomes flanking the CTCF binding site allow the mapping of sequenced *cf.*DNA fragments in relation to nucleosomal organization. On the other hand, Pol II and TSS regions are markers of open chromatin regions.

CTCF and Pol II regions were downloaded from the mouse ENCODE project.[@bib13] The TSS of all genes in the reference mouse genome UCSC mm9 were downloaded from UCSC. 10,000 random non-overlapping regions with 10,000 bp length were randomly selected across the whole genome by BEDTools (v2.27.1).[@bib14] We used a window size of ± 500 bp. For the end density analysis, the end density of a ± 1,500 bp window of CTCF regions was normalized according to the median end counts in ± 3,000 bp CTCF regions.

For the random, CTCF, and Pol II regions, only *cf.*DNA fragments oriented in the direction of the Watson strand were used for analysis. For the TSS region, only *cf.*DNA fragments oriented in the same direction as the TSS region were used. At each position in these regions, the first nucleotide on the 5′ end was identified for each fragment, and the base-end percentage was calculated (e.g., A-end fragments/all fragments, with "all fragments" including A-end, G-end, C-end, and T-end fragments). To analyze the base-end percentages according to fragment size, both 5′ ends (on the respective Watson or Crick strands) of a *cf.*DNA fragment were counted per fragment, and the base-end percentages at each size were calculated.

For fragment type analysis, each fragment was assigned to a fragment type based on their two ending nucleotides. These fragments where both ends were identified were denoted with their end nucleotides and the symbol \< \> in between, such that a fragment with both ends as A would be designated as A \< \>A. The group called "all fragments" includes A\< \>A, A\< \>G, A\< \>C, A\< \>T, C\< \>C, C\< \>G, C\< \>T, G\< \>G, G\< \>T, T\< \>T fragments. Each fragment type's percentages were calculated (e.g., A\< \>A fragment percent = A\< \>A fragments/all fragments).

*cf.*DNA Quantification {#sec2.6}
-----------------------

Heparin was found to have significant positive interference with the Qubit dsDNA high sensitivity assay (ThermoFisher Scientific) (data not shown). Instead, the Bio-Rad QX200 Droplet Digital PCR (ddPCR) platform was used for all *cf.*DNA quantification because the heparin interference of DNA target molecules can be ameliorated by the reaction partitioning of ddPCR.[@bib15] Heparin samples were diluted 5-fold and at least four wells per sample were used. Mouse *cf.*DNA was quantified through the use of the mouse TaqMan Copy number reference assay (ThermoFisher Scientific) targeting the transferrin receptor gene (*Tfrc*).

Statistical Analysis {#sec2.7}
--------------------

Analysis was performed using custom-built programs written in Python and R languages. Statistical differences were calculated using Mann-Whitney *U* tests unless otherwise specified. A p value of less than 0.05 was considered statistically significant, and all probabilities were two tailed.

Results {#sec3}
=======

C-End Preference in Typical Circulating *cf.*DNA {#sec3.1}
------------------------------------------------

Our main study question concerns the biological basis of *cf.*DNA fragmentation and whether specific nucleases have any effect on the ends of *cf.*DNA. To this end, we compared the *cf.*DNA of different nuclease-deficient mice with its WT counterpart in different *in vitro* conditions ([Figure 1](#fig1){ref-type="fig"}). We sequenced the *cf.*DNA from these conditions and identified fragments according to the nucleotide base at their 5′ end and their size ([Figure 1](#fig1){ref-type="fig"}). We first analyzed the base content proportions at the 5′ end of *cf.*DNA fragments in different genomic regions in WT mice in order to test the hypothesis that *cf.*DNA fragmentation is not random ([Figure 2](#fig2){ref-type="fig"}A). If fragmentation were completely random, the end nucleotide proportions should reflect the composition of the mouse genome, which is 28.8% A, 28.8% T, 21.2% C, and 21.2% G ([Figure 2](#fig2){ref-type="fig"}B). However, the 5′ end of *cf.*DNA fragments in randomly selected genomic regions showed a substantial overrepresentation of C (32.6%), a slight overrepresentation of G (24.4%), and an underrepresentation of A (19.8%) and T (23.2%) ([Figure 2](#fig2){ref-type="fig"}C). This pattern of asymmetric representation was also seen in *cf.*DNA aligning to CTCF, TSS, and Pol II regions ([Figure 2](#fig2){ref-type="fig"}D and 2E and [Figure S2](#mmc1){ref-type="supplementary-material"}A, S2B, S2D, and S2E). Because CTCF regions contain distinct nucleosomes with largely predictable positions flanking the CTCF binding site, and TSS and Pol II regions are known open-chromatin regions, we have concluded that both nucleosomal and open regions of the genome display the same C-end overrepresentation. Furthermore, when the 5′ ends are plotted across the 0--600 bp range of *cf.*DNA fragment sizes, the over-representation of C-ends and underrepresentation of A-ends remained evident and relatively uniform across all fragment sizes in WT *cf.*DNA ([Figure 3](#fig3){ref-type="fig"}). Thus, C-end predominant *cf.*DNA appears to be the typical *cf.*DNA profile in WT mice across all fragment sizes.Figure 2C-End Preference in Typical Circulating *cf.*DNA in Different Regions(A) Schematic showing the calculation of the base content proportions at the 5′ end of *cf.*DNA fragments in an aggregated region.(B and D) The reference murine genomic content of random (B) and CCCTC-binding factor (CTCF) (D) regions. A-end and T-end fragment proportions overlap, and C-end and G-end fragment proportions overlap.(C and E) The base content proportions at the 5′ end of *cf.*DNA fragments of wild-type EDTA 0 h samples in random (C) and CTCF (E) regions. C and G are overrepresented and A and T are underrepresented at the 5′ ends of these typical *cf.*DNA fragments compared to the reference genomic content.Figure 3C-End Preference in Typical Circulating *cf.*DNA in All Fragment SizesBase content proportions at the 5′ end of typical *cf.*DNA from wild-type EDTA 0 h samples across the range of fragment sizes.

Fragmentation Pattern in Newly Released *cf.*DNA in WT and *Dffb-*deficient Mice {#sec3.2}
--------------------------------------------------------------------------------

### A-End and G-End Preference in Newly Released *cf.*DNA {#sec3.2.1}

We explored whether this typical *cf.*DNA profile was created "as is" from cellular sources or produced after further digestion within the plasma. Thus, we sought to capture and analyze *cf.*DNA that was newly released from dying cells and to compare its profile with the typical C-end-predominant *cf.*DNA profile. The model system we used to explore the characteristics of newly released *cf.*DNA into plasma was to incubate EDTA whole blood at RT for 6 h (Module 1 of [Figure 1](#fig1){ref-type="fig"}). Exposure to RT has previously been described as a method to induce apoptotic cell death in several *in vitro* studies.[@bib16], [@bib17], [@bib18], [@bib19] EDTA is one of the more commonly used anticoagulants for *cf.*DNA analysis. The anticoagulant EDTA remains largely extracellular, inhibiting both plasma DNASE1 and DNASE1L3 activities by chelating divalent cations.[@bib20], [@bib21], [@bib22], [@bib23] Thus, the anticoagulant EDTA inhibits the major plasma nucleases and therefore allows newly released *cf.*DNA to be preserved for analysis. While such RT incubation may not necessarily reflect the *in vivo* reality, we believe that such an i*n vitro* model system is nonetheless valuable in yielding insights into the biology of *cf.*DNA.

After 6 h whole blood RT incubation, we expected that cell death would be increased and samples would be enriched with newly released *cf.*DNA from white blood cells. Indeed, we found a 1.1- to 5.9-fold increase in plasma *cf.*DNA concentration, and an increase in long *cf.*DNA fragments after 6 h whole blood RT incubation compared with its paired baseline ([Figure S3](#mmc1){ref-type="supplementary-material"}A and S3B).

When we analyzed the 5′ ends of *cf.*DNA in the 6 h EDTA sample, the C-end predominance seen in typical *cf.*DNA was greatly diminished in the presence of newly released *cf.*DNA compared with its baseline 0 h incubation. C-end and T-end fragments decreased to 28.3% and 17.0%, respectively, in randomly selected genomic regions ([Figure 4](#fig4){ref-type="fig"}A). A-end and G-end fragments increased substantially to 27.7% and 27.0%, respectively, in randomly selected genomic regions ([Figure 4](#fig4){ref-type="fig"}A). These changes were also consistently visualized in the CTCF regions with nucleosomal arrays, and in TSS and Pol II regions with open chromatin regions ([Figure 4](#fig4){ref-type="fig"}B and [Figure S2](#mmc1){ref-type="supplementary-material"}C and S2F). Therefore, newly released *cf.*DNA after whole blood incubation were enriched for A-end and G-end fragments when compared to typical *cf.*DNA. Because the newly released *cf.*DNA profile from dying cells does not appear to be similar to the typical C-end-predominant *cf.*DNA found in baseline samples, we inferred that the typical C-end-predominant *cf.*DNA would be created in a subsequent step. Because the fragment end preference is different (A-end versus C-end), we also reasoned that the generation of newly released *cf.*DNA likely originated from a different mechanism than that which created the typical *cf.*DNA.Figure 4Fragmentation Pattern in Newly Released *cf.*DNA in Wild-type (WT) and *Dffb*-deficient Mice(A and B) Base content proportions of WT EDTA 6 h samples enriched with newly released *cf.*DNA in random (A) and CTCF regions (B). With newly released *cf.*DNA enrichment, A-end and G-end fragments increased, and C-end and T-end fragments decreased compared to the baseline base proportions in typical *cf.*DNA.(C) A-end fragments versus A\< \> A fragments. A-end fragments are comprised of the fragments in which either the Watson or Crick strand starts with A. A\< \> A fragments are comprised of fragments in which both Watson and Crick strands start with A.(D) A\< \> A fragment proportions compared between baseline *cf.*DNA (EDTA 0 h) and samples enriched with newly released *cf.*DNA (EDTA 6 h) in WT mice among short, intermediate, and long fragments. 6 h samples enriched with newly released *cf.*DNA have a significantly higher proportion of A\< \> A fragments in long fragment sizes \>150 bp. p value calculated by Mann-Whitney *U* test.(E) Percentages of *cf.*DNA with A-ends (green), G-ends (orange), C-ends (blue), and T-ends (red) in a WT EDTA 6 h sample enriched with newly released *cf.*DNA compared with the baseline representation in the EDTA 0 h sample (gray). A-end fragments and, to a lesser extent, G-end fragments have peaks \~200 bp and 400 bp.(F) Percentages of *cf.*DNA with A-ends (green), G-ends (orange), C-ends (blue), and T-ends (red) in a *Dffb*-deficient EDTA 6 h sample compared to its baseline representation in the EDTA 0 h sample (gray). No increase in A-end fragments was observed.

### A-Ends and G-Ends Among Newly Released *cf.*DNA of Different Sizes {#sec3.2.2}

We explored the A-end and G-end fragments according to their size. We identified fragments based on their two end nucleotides and analyzed the fragments in which both ends terminated with A, G, C, or T ([Figure 4](#fig4){ref-type="fig"}C). These fragments where both ends were identified were denoted with their end nucleotides and the symbol \< \> in between, such that a fragment with both ends as A would be designated as A\< \>A ([Figure 4](#fig4){ref-type="fig"}C). We compared the proportional representation of A\< \>A, G\< \>G, C\< \>C, and T\< \>T fragments among fragments of different sizes; we reasoned that any preference for cutting a particular nucleotide would be best visualized with these fragment types in which both ends encompassed the same nucleotide preference. Of these four types of fragments, 6 h samples enriched with newly released *cf.*DNA had a significantly higher proportion of A\< \>A fragments in sizes \>150 bp, and the proportions increased further in long fragments ≤250 bp ([Figure 4](#fig4){ref-type="fig"}D). On the other hand, G\< \>G, C\< \>C, and T\< \>T fragments did not differ significantly based on size ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Thus, newly released *cf.*DNA was enriched for A-end fragments that were longer than 150 bp.

[Figure 4](#fig4){ref-type="fig"}E shows the proportion of A-end, G-end, C-end, and T-end fragments for each fragment size compared to the respective baseline unincubated EDTA levels. Surprisingly, the increase in long A-end fragments was concentrated at specific size ranges, with peaks at ∼200 bp and 400 bp that were reminiscent of nucleosomal ladder sizes. G-end fragments also had a similar but weaker periodicity at these sizes. We hypothesized that these A-end (and G-end) *cf.*DNA fragments were likely created by cleaving between nucleosomes, such that the full length of an intact nucleosomal DNA was retained. The peaks in periodicity would support a true preference for cutting at the inter-nucleosomal regions 5′ to an A with a slightly smaller preference for cutting 5′ to a G.

### Effects of DFFB on *cf.*DNA with A-Ends {#sec3.2.3}

Because A-end long fragments were newly released from dying cells, we examined the role of apoptosis in their generation. DFFB is the major intracellular nuclease involved in DNA fragmentation during apoptosis, so we investigated samples from *Dffb*-deficient mice. After 6 h of EDTA incubation, *cf.*DNA quantity did not significantly increase and there was little or no increase in long fragments ([Figure S4](#mmc1){ref-type="supplementary-material"}A and S4B). In random genomic regions and in CTCF, TSS, and Pol II regions, the A-end fragments did not increase ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Similarly, A\< \>A fragment percentages did not increase after 6 h of EDTA incubation in *Dffb*-deficient mice, in contrast to the results from WT mice ([Figure S4](#mmc1){ref-type="supplementary-material"}D). When we compared A-end, G-end, C-end, and T-end fragment proportions at each fragment size, we found little change in *Dffb*-deficient mice after 6 h of EDTA incubation compared with the baseline, and there was no periodicity in the A-end and G-end fragments ([Figure 4](#fig4){ref-type="fig"}F). In comparison to the baseline EDTA 0 h blood sample between WT and *Dffb*-deficient mice, A-end fragments were decreased across all fragment sizes ([Figure S5](#mmc1){ref-type="supplementary-material"}). Hence, these results from the WT and *Dffb*-deficient mice suggest that DFFB might have a major role in generating these A-end long fragments.

Effect of DNASE1L3 on Typical *cf.*DNA {#sec3.3}
--------------------------------------

Although we had characterized the profile of newly released *cf.*DNA, we had yet to clarify the process by which the typical C-end predominance was produced in plasma *cf.*DNA. This clear preference for C-ends in all sizes of circulating *cf.*DNA fragments, as seen in [Figure 3](#fig3){ref-type="fig"}, suggests the presence of a nuclease that prefers to cleave 5′ to a C. Previously, we had demonstrated that *cf.*DNA from WT mice had a high frequency of fragments ending in CCNN motifs (i.e., motifs consisting of two consecutive cytosines, followed by two nucleotides of any type) and that this preference for CCNN motifs in *cf.*DNA fragment ends was reduced in *Dnase1l3*-deficient mice.[@bib9] Because C-end fragments are comprised of CCNN end motifs, we hypothesized that the nuclease responsible for the C-end preference might also be DNASE1L3.

To investigate this hypothesis, we compared the specific A\< \>A, G\< \>G, C\< \>C, and T\< \>T fragment proportions between *Dnase1l3*-deficient mice and WT mice in the *Dnase1l3-*deficient data retrieved from the European Genome-phenome Archive (Module 2 of [Figure 1](#fig1){ref-type="fig"}). C\< \>C and T\< \>T fragment percentages significantly decreased in *Dnase1l3*-deficient mice compared to WT ([Figure 5](#fig5){ref-type="fig"}A). These results suggest that DNASE1L3 generates both C- and T-end fragments, with a greater preference for C-ends because C\< \>C fragment percentages are more significantly reduced.Figure 5Effect of DNASE1L3 on Typical *cf.*DNA(A) A\< \> A, G\< \> G, C\< \> C, and T\< \> T fragment percentages in wild-type (WT) versus *Dnase1l3*-deficient mice, both from EDTA 0 h samples. p value calculated by Mann-Whitney *U* test.(B) Percentages of A-ends (green), G-ends (orange), C-ends (blue), and T-ends (red) in *Dnase1l3*-deficient EDTA 0 h *cf.*DNA compared with the percentages in WT EDTA 0 h *cf.*DNA (gray).

In the absence of DNASE1L3, the proportions of A\< \>A and G\< \>G fragments were higher than in WT ([Figure 5](#fig5){ref-type="fig"}A). When we compared the A-end, G-end, C-end, and T-end fragment proportions of each fragment size between the *Dnase1l3-*deficient mice and WT mice in EDTA 0 h samples, the A-end fragments demonstrated a nucleosomal periodic pattern with peaks in frequency ∼200 bp and 400 bp ([Figure 5](#fig5){ref-type="fig"}B). This nucleosomal periodic pattern of A-end fragments is similar to the one observed previously in WT EDTA 6 h samples enriched with newly released *cf.*DNA ([Figure 3](#fig3){ref-type="fig"}E). Hence, it appears that DNASE1L3 deficiency results in exposing the profile of newly released *cf.*DNA. In a substrate-enzyme-product relationship, when the enzyme is deficient, the product would decrease and the substrate would increase. Thus, DNASE1L3-deficient *cf.*DNA seems to have revealed its substrate *cf.*DNA profile, which appears to be the *cf.*DNA profile created by DFFB.

By taking a more detailed look at the fragment types that use both ends of a *cf.*DNA fragment, we found that only A\< \>A, A\< \>G, and A\< \>C fragments demonstrated this nucleosomal periodic pattern in both *Dnase1l3*-deficient samples and WT EDTA 6 h samples enriched with newly released *cf.*DNA ([Figure S6](#mmc1){ref-type="supplementary-material"}). There were a number of notable differences between the fragments of these two sample types. In *Dnase1l3*-deficient mice, the periodic pattern of the A\< \>A, A\< \>G, and A\< \>C fragments was very prominent ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Because DNASE1L3 activity is absent in *Dnase1l3*-deficient mice, this prominence in the *cf.*DNA likely reflects the true preference for nucleosomal periodic cutting in the remaining active intracellular nucleases, notably DFFB. On the other hand, the periodic pattern seen in the newly released *cf.*DNA was attenuated, and this was especially noticeable among A\< \>C fragments ([Figure S6](#mmc1){ref-type="supplementary-material"}B). Because DNASE1L3 activity is retained in the generation of newly released *cf.*DNA compared with that activity in *Dnase1l3*-deficient mice, this difference might suggest that DNASE1L3 would play a role in creating A\< \>C fragments, which might be an intermediate step to creating C\< \>C fragments. These results also suggested that DNASE1L3 might attenuate the preferential cutting of the DFFB nuclease by cutting after DFFB. Thus, it can be inferred that DNASE1L3 cutting might occur predominantly as a subsequent step to DFFB cutting, and that DNASE1L3 might not only have a role, but might actually be a dominant player in creating the typical profile with C-end predominance in *cf.*DNA ([Figure 3](#fig3){ref-type="fig"}).

Effects of DNASE1 on *cf.*DNA (with Heparin) {#sec3.4}
--------------------------------------------

While we have demonstrated the steps involved in creating a typical *cf.*DNA fragment with C-end predominance, so that a full picture of the homeostasis of *cf.*DNA can be constructed, we wanted to explore how a *cf.*DNA fragment might be further digested. While C-end fragments continue to be the most prevalent even in short fragments \<150 bp, we noted an enrichment of T-end fragments in sizes ∼50--150 bp and ∼250 bp in the typical *cf.*DNA profile ([Figure 3](#fig3){ref-type="fig"}). These peaks were not concordant with either the C-end fragments which were related to DNASE1L3 preference or the A-end fragments which were related to DFFB cutting preference. With our theory that fragment ends correlated with nuclease preference, we explored whether or not these T-ends might be related to DNASE1 preference.

To identify DNASE1's cutting preference, we collected whole blood from *Dnase1*^*−/−*^, *Dnase1*^*+/*−^, and WT mice, pooled the blood, and equally distributed each pool into tubes for 0 h or 6 h incubation with heparin (Module 3 of [Figure 1](#fig1){ref-type="fig"}). Heparin was used instead of EDTA because heparin is known to enhance DNASE1 activity while inhibiting DNASE1L3.[@bib23] We found that in WT and *Dnase1*^*+/*−^ mice, 6 h of heparin incubation resulted in a striking increase in short fragments with a reduction in the 166 bp peak and a loss of nucleosomal pattern ([Figure 6](#fig6){ref-type="fig"}A). In *Dnase1*^*−/−*^, no size changes occurred, and the size pattern was essentially the same as in *cf.*DNA from EDTA blood ([Figure 6](#fig6){ref-type="fig"}A).Figure 6Effect of DNASE1 on *cf.*DNA (with heparin)(A) *cf.*DNA size profiles in wild-type (WT) (blue), *Dnase1*^*+/*−^ (green), and *Dnase1*^*−/−*^ (red) mice in heparin 6 h samples. Normal y axis scale (left) and logarithmic y axis scale (right).(B) Percentages of A-ends (green), G-ends (orange), C-ends (blue), and T-ends (red) of WT heparin 6 h samples compared to its baseline representation in heparin 0 h samples (gray).(C) Percentages of A-ends (green), G-ends (orange), C-ends (blue), and T-ends (red) in heparin 6 h *cf.*DNA of *Dnase1*^*−/−*^ mice compared to its baseline representation in heparin 0 h (gray).

We examined these samples for a difference in fragment end proportions. In WT and *Dnase1*^*+/*−^ mice after 6 h heparin incubation, T-end fragment proportions increased in fragments sized ∼50-150 bp ([Figure 6](#fig6){ref-type="fig"}B, [Figure S7](#mmc1){ref-type="supplementary-material"}A). In contrast, in *Dnase1*^*−/−*^ mice, this increase was absent ([Figure 6](#fig6){ref-type="fig"}C). These observations supported our hypothesis that DNASE1 might prefer to create T-end fragments. In addition, the long A-end fragments with nucleosomal periodicity were present after 6 h heparin incubation in WT, *Dnase1*^*+/*−^, and *Dnase1*^*−/−*^ mice ([Figure 6](#fig6){ref-type="fig"}B and 6C, [Figure S7](#mmc1){ref-type="supplementary-material"}A). When we considered the increase in *cf.*DNA amounts in all three genotypes along with the literature on heparin incubation inducing apoptosis,[@bib24] we found that the presence of the A-end DFFB signature from newly released apoptotic *cf.*DNA was consistent ([Figure S7](#mmc1){ref-type="supplementary-material"}B). Overall, heparin enhancement of DNASE1 in WT mice resulted in an increase of *cf.*DNA and newly released A-end fragments that were quickly digested into short T-end fragments; this result suggests that DNASE1 preferred to cut 5′ to T.

10 bp Periodicity Originates from Fragments Cut from Nucleosomes {#sec3.5}
----------------------------------------------------------------

Notably, all A-end, G-end, C-end, and T-end fragment types demonstrated a 10 bp periodicity in the short, ≥150 bp fragments among all mice genotypes (WT, *Dnase1l3*^*−/−*^, *Dffb*^*−/−*^, *Dnase1*^*+/*−^, and *Dnase1*^*−/−*^) ([Figure 7](#fig7){ref-type="fig"}A, [Figure S8](#mmc1){ref-type="supplementary-material"}). Other than the C-end preference for all *cf.*DNA sizes, there was no particular end preference related to the 10 bp period fragments. Thus, it would be unlikely that a single particular nuclease would be responsible for the 10 bp periodicity. In fact, the prevailing theory for the 10 bp periodicity is that it is a result of nuclease digestion of DNA within an intact nucleosome. This was postulated based on the combined effect of restricted nuclease access to the DNA wrapped around histones and the periodic exposure of one strand of DNA over the other due to the 10 bp-per-turn structure of the DNA helix.[@bib25] In our heparin model, which disrupted the nucleosome structure in plasma, the 10 bp periodicity was abolished in all fragment types after 6 h heparin incubation in WT ([Figure 7](#fig7){ref-type="fig"}B).Figure 710 bp Periodicity Originates from Fragments Cut from Nucleosomes(A) *cf.*DNA size profile of A-end, G-end, C-end, and T-end fragments in an EDTA 0 h wild-type (WT) sample.(B) *cf.*DNA size profile of A-end, G-end, C-end, and T-end fragments in a heparin 6 h WT sample.(C) Fragment end density in the CCCTC-binding factor (CTCF) region in the heparin 6 h sample (red) compared to the baseline samples: EDTA 0 h (gray), EDTA 6 h (light blue), and heparin 0 h (pink).(D and E) The 5′ end base content proportions in the CTCF region of heparin 0 h (left) and 6 h (right) samples of WT (D) and *Dnase1*^*−/−*^ (E) mice.

At the well-phased nucleosomes in the CTCF region, fragment ends within the nucleosome increase with heparin 6 h incubation in WT ([Figure 7](#fig7){ref-type="fig"}C). These results suggested that the disrupted nucleosome structure resulted in intra-nucleosomal DNA being cut as well ([Figure 7](#fig7){ref-type="fig"}C). We explored which fragment types would contribute to the intra-nucleosomal fragments in [Figure 7](#fig7){ref-type="fig"}D. In WT with heparin 6 h incubation, an increase in T-end fragments corresponding to the intranucleosomal position was apparent ([Figure 7](#fig7){ref-type="fig"}D). This effect was absent in *Dnase1*^*−/−*^ mice ([Figure 7](#fig7){ref-type="fig"}E). These results together supported the concept that heparin would enhance DNASE1 and would disrupt the nucleosomal structure, allowing DNASE1 with T-end preference to cleave intranucleosomally.

Discussion {#sec4}
==========

From this work on *cf.*DNA fragment ends in different mouse models, we can piece together a model that outlines the fragmentation process that generated *cf.*DNA ([Figure 8](#fig8){ref-type="fig"}). In our analysis of the newly released *cf.*DNA spontaneously created after incubating whole blood in EDTA, we have demonstrated that the newly released longer *cf.*DNA are enriched for A-end fragments. In particular, A\< \>A, A\< \>G, and A\< \>C fragments demonstrate a strong nucleosomal periodicity at ∼200 bp and 400 bp. When this same experimental model is applied to the whole blood of *Dffb*-deficient mice, no long A-end fragment enrichment is seen. Thus, we can conclude that DFFB is likely responsible for generating these A-end fragments.Figure 8Model of *cf.*DNA FragmentationDFFB, DNASE1L3 and other intracellular enzymes form newly released *cf.*DNA that is A-end enriched. In plasma, DNASE1L3 generates the predominantly C-end enriched *cf.*DNA seen in the typical profile via its extracellular activity. DNASE1 with the help of heparin and endogenous proteases(?) can further digest *cf.*DNA into T-end fragments in plasma.

This hypothesis is substantiated by literature published on the DFFB enzyme, which plays a major role in DNA fragmentation during apoptosis.[@bib26]^,^[@bib27] Enzyme characterization studies have shown that DFFB creates blunt double-strand breaks in open internucleosomal DNA regions, and that this process has a preference for A and G nucleotides (purines).[@bib26]^,^[@bib28]^,^[@bib29] This biology of blunt double-stranded cutting only at internucleosomal linker regions would explain the nucleosomal patterning in A\< \>A, A\< \>G, and A\< \>C fragments.

In this work, we have also demonstrated that typical *cf.*DNA in plasma obtained before incubation predominantly end in C across all fragment sizes; this C-end overrepresentation is consistent in multiple different regions across the genome. Because the typical profile of *cf.*DNA is so different from the profile enriched with newly released *cf.*DNA, we can infer that (1) one or more additional nuclease(s) create(s) this profile, (2) this nuclease or these nucleases dominate(s) the cleaving process in typical *cf.*DNA, and (3) this process largely occurs after the generation of newly released A-end fragments.

Because this C-end predominance is lost in *Dnase1l3*-deficient mice, we believe that one nuclease responsible for creating this C-end fragment overrepresentation is DNASE1L3. Although there is no existing enzymatic study that investigates the specific nucleotide cleavage preference of DNASE1L3, DNASE1L3 is known to highly efficiently cleave chromatin to almost undetectable levels without proteolytic help.[@bib30]^,^[@bib31] The fairly uniform abundance of C-end fragments among all fragment sizes suggests that DNASE1L3 can cleave all DNA, even intranucleosomal DNA, efficiently.

DNASE1L3 has interesting properties: it is expressed in the endoplasmic reticulum to be secreted extracellularly as one of the major serum nucleases, and it translocates to the nucleus upon cleavage of its endoplasmic reticulum-targeting motif after apoptosis is induced.[@bib23]^,^[@bib32] It has been suggested that, in its role as an apoptotic intracellular endonuclease, DNASE1L3 cooperates with DFFB in DNA fragmentation.[@bib32]^,^[@bib33] When we compared the fragment end profiles of newly released *cf.*DNA with that of *Dnase1l3*-deficient mice, we found a noticeable attenuation of the periodicity in A-end fragments, and especially in the A\< \>C fragment. We suspect that this attenuation is due to the coexisting intracellular activity of DNASE1L3 during the generation of newly fragmented DNA from apoptosis in WT versus in *Dnase1l3*-deficient mice.

As a plasma nuclease, DNASE1L3 would help digest the DNA in circulation that had escaped phagocytosis after apoptosis. Hence, DNASE1L3 would likely exert its effect on fragmented *cf.*DNA after intracellular fragmentation had occurred. In a theoretical two-step process, inhibiting the second step should reveal the usually transient outcome of the first step. So, in essence, the plasma of *Dnase1l3*-deficient mice would have this second step of DNASE1L3 action inhibited and would expose the *cf.*DNA profile of the first step, the intracellular DNA fragmentation from apoptosis. This is exactly what we found: the *cf.*DNA fragment profile was remarkably similar to that found in newly released *cf.*DNA. Thus, DNASE1L3 digestion within the plasma might be a subsequent step that would result in the typical homeostatic *cf.*DNA.

Although we previously found that the size profile of *cf.*DNA from *Dnase1*-deficient mice did not appear to be substantially different from that of WT mice, DNASE1 is known to prefer cleaving "naked" DNA, and it can only cleave chromatin with proteolytic help *in vivo*.[@bib31]^,^[@bib34] Using heparin to replace the function of *in vivo* proteases to enhance DNASE1 activity, we have demonstrated that DNASE1 prefers to cut DNA into T-end fragments. The increase in T-end fragments with heparin incubation is predominantly among subnucleosomally sized (50--150 bp) fragments, suggesting that DNASE1 has a role in generating short \<150 bp fragments. Knowing that DNASE1 prefers to cleave naked DNA into T-end fragments, we can infer from the typical *cf.*DNA profile that the T-end fragment peaks in the 50--150 bp and 250--300 bp ranges may be mostly naked. This may be possible because these sizes correspond to subnucleosomal fragments or linker fragments; however, more studies should be done to further investigate this hypothesis.

The use of heparin incubation and end analysis has also provided a unique insight into the origin of the 10 bp periodicity. Because every fragment type demonstrates a 10 bp periodicity, we show that no one specific nuclease is completely responsible for the 10 bp periodicity in short fragments. Instead, we demonstrate that for all fragment types, the 10 bp periodicity is abolished when heparin is used. In addition to enhancing DNASE1 activity, heparin disrupts the nucleosomal structure.[@bib35] Although many have postulated that the 10 bp periodicity originates from the cutting of DNA within an intact nucleosomal structure, we believe that this work provides supportive evidence by showing that no 10 bp periodicity occurs in the presence of a disrupted nucleosome.

Recently, Watanabe et al. induced *in vivo* hepatocyte necrosis with acetaminophen overdose and apoptosis with anti-Fas antibody treatments in mice deficient in *Dnase1L3* and *Dffb*.[@bib36] Although Watanabe et al. claim to have shown that *cf.*DNA is generated by DNASE1L3 and DFFB, their data only show that serum *cf.*DNA does not appear to increase after hepatocyte injury in *Dnase1l3-* and *Dffb-*double knockout mice. Even then, the degree of hepatocyte injury from their methods is hugely variable even in WT, and there is surprisingly low correlation with the *cf.*DNA amount in their apoptotic anti-Fas antibody experiments. In addition to these inconsistencies that give uncertainty to the degree of apoptosis induced in their knockout mice, they have none of the detail on fragment ends that is offered in this study. While our RT incubation system is an *in vitro* model, and the *in vivo* reality is likely to be more complicated, we believe the insights generated would nonetheless be valuable.

In this study, we have demonstrated that the typical *cf.*DNA fragment might be created in two major steps: (1) intracellular DNA fragmentation by DFFB, intracellular DNASE1L3, and other apoptotic nucleases, and (2) extracellular DNA fragmentation by serum DNASE1L3. Then, likely with *in vivo* proteolysis, DNASE1 can further degrade *cf.*DNA into short T-end fragments. We believe that this first model has included a number of key nucleases involved in *cf.*DNA generation, but the model can be further refined in the future. For example, other potential apoptotic nucleases include endonuclease G, AIF, topoisomerase II, and cyclophilins, and there are probably more to be discovered.[@bib37], [@bib38], [@bib39] Further studies into these nucleases with double knockout models would further refine this model and may reveal a nuclease with G-end preference. In essence, in this work, we have definitively linked the action of distinct nucleases to the *cf.*DNA fragment end profile, clarifying the fundamental biology and biography of *cf.*DNA fragments.

With this link between nuclease biology and *cf.*DNA physiology established, there are many important and practical implications to the field of *cf.*DNA. First, aberrations in nuclease biology with pathological consequences may be reflected in abnormal *cf.*DNA profiles.[@bib40], [@bib41], [@bib42] Second, plasma end motif analysis is a powerful approach for investigating *cf.*DNA biology and may have diagnostic applications. And lastly, the pre-analytical variables such as anticoagulant type and time delay in blood separation are vital confounders to bear in mind when mining *cf.*DNA for epigenetic and genetic information.
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